We extract the B, D, and D * meson wave functions from the CLEO data of the decays B → K * γ and B → D ( * ) π in the perturbative QCD framework.
I. INTRODUCTION
where the exponential involving the quark anomalous dimension γ = −α s /π describes the evolution from t to 1/b mentioned above. All the convolution factors in the above formula, except for the wave functions φ(x), are calculable in perturbation theory. The wave functions, though not calculable, are universal, since they absorb the long-distance dynamics of a decay process and are insensitive to the dynamics involved in the specific decay of the b quark into the light quarks with large energy release. The universality of nonperturbative wave functions is the fundamental concept of PQCD factorization theorems. It can be proved rigorously, but the proof is not the point of this work, and will not be supplied here.
Because of the universality, the strategy of PQCD factorization theorems is as follows: evaluate all perturbative factors for some decay modes, and adjust the wave functions such that predictions from the corresponding factorization formulas match experimental data. At this stage, the nonperturbative wave functions are determined up to the twists and orders of the coupling constant, at which the factorization formulas are constructed. Then evaluate all the perturbative factors for another decay mode. Input the extracted wave functions into the factorization formulas of the same twist and orders, and make predictions. With this strategy, PQCD factorization theorems are model independent and possess a predictive power.
For light-meson wave functions, such as those of π, ρ, and K ( * ) mesons, various experimental data and QCD sum rules [6, 7] have provided reliable information. For heavy mesons, such as B and D ( * ) , the knowledge is still poor. In this paper we shall determine the heavy meson wave functions from the available experimental data. Since two-body nonleptonic decays involve the maximal energy release that guarantees the applicability of PQCD, and their data are abundant, the decays B → D ( * ) π are ideal processes for extracting the B and D ( * ) meson wave functions. However, both of the B and D ( * ) wave functions are unknown, and thus we need the additional data of the B → K * γ decay [8] in order to determine the B meson wave function first. After determining the B meson wave function, we apply it to the analysis of the B → D ( * ) π decays and obtain the D and D * meson wave functions.
The factorization formulas for the B → K * γ and B → D ( * ) π decays are presented in Sec. 2 and Sec. 3, respectively. The numerical analysis is performed in Sec. 4. Section 5 is the conclusion.
The effective Hamiltonian for the flavor-changing b → s transition is given by [9] 
2)
i, j being the color indices. It has been observed that the contributions to the B → K * γ decay rate come mainly from the operators O 2 , O 7 and O 8 [3] . O 2 contributes via a charmquark loop, from which the photon and an off-shell gluon are radiated. This off-shell gluon is then reabsorbed by the spectator quark in the B or K * meson. This b → sg * γ vertex has been computed in [3, 10] .
The momenta of the B and K * mesons in light-cone coordinates are written as
meson is at rest with the above parametrization of momenta. We define the momenta of light valence quarks in the B and K * mesons as k 1 and k 2 , respectively. k 1 has a minus component k − 1 , giving the momentum fraction x 1 = k − 1 /P − 1 , and small transverse components k 1T . k 2 has a large plus component k + 2 , giving x 2 = k + 2 /P + 2 , and small k 2T . The photon momentum is then P 3 = P 1 − P 2 , whose nonvanishing component is only P − 3 .
The B → K * γ decay amplitude can be decomposed as
with ǫ γ and ǫ K * the polarization vectors of the photon and of the K * meson, respectively.
The total rate of the B → K * γ decay is given by
We further decompose M S and M P as and exp(−S K * ), respectively, with the exponents
The variable b 1 (b 2 ), conjugate to the parton transverse momentum k 1T (k 2T ), represents the transverse extent of the B (K * ) meson. The exponent s is [11, 12] 
where the anomalous dimensions A to two loops and B to one loop are 
is substituted into Eq. (2.7), with the coefficients
(2.10)
We quote the factorization formulas for M i l [3] in terms of the overall factor
The amplitudes contributed by O 2 are written as 14) and M c being the charm quark mass. t 2 is the characteristic scale of the hard amplitude
The amplitudes from O 7 with a hard gluon attaching the quarks in the B meson or in the K * meson are
The hard functions are given by
and
The relation M S 7 = −M P 7 reflects the equality of the parity-conserving and parity-violating
The amplitudes from O 8 , where the photon is radiated by each quark in the B and K * mesons, are
In this section we quote the factorization formulas for the nonleptonic B → D ( * ) π decays, whose effective Hamiltonian is given by
with the four-fermion operators Similarly, we assign the momenta of the B and D ( * ) mesons as P 1 = (M B / √ 2)(1, 1, 0 T ) and
being the mass of the D ( * ) meson. ǫ * is the polarization vector of the D * meson. The momentum fractions x 1 and x 2 , and the transverse momenta k 1T and k 2T are defined in a similar way. The pion momentum P 3 = P 1 − P 2 is the same as the photon momentum in Sec. 2. One of its valence quark carries the fractional momentum x 3 P − 3 , and small transverse momenta k 3T .
In the considered maximal-recoil region with P + 2 ≫ M D ( * ) / √ 2 ≫ P − 2 , we regard the D ( * ) meson as a light meson, for simplicity [5] . Hence, the Sudakov form factor exp(−S D ( * ) ) from the resummation of the double logarithmic corrections to the D ( * ) meson wave function φ D ( * )
has the same expression as exp(−S K * ) but with different kinematical variables. The Sudakov form factor exp(−S π ) associated with the pion wave function φ π contains the exponent [13] S π (t) = s(
The decay rates of B → D ( * ) π have the expression
where i = 1, 2, 3, and 4 denote the modes
B 0 → D * + π − , respectively. The decay amplitudes M i are written as The form factors ξ i , i = +, A 1 and A 3 , and ξ j , j = − and A 2 , are given by
5)
with the constants [14] ζ 
with the constants ζ int = ζ exc = −ζ * int = −ζ * exc = 1.
In Eqs. (3.9), (3.10), (3.12), and (3.13) the Wilson coefficients a 1 and a 2 are defined by 14) with N c = 3 the number of colors. The functions h's, obtained from the Fourier transform of the lowest-order H, are given by 
The functions h (j) , j = 1 and 2, appearing in Eqs. (3.21)-(3.23), are written as
26)
with the variables
The scales t (j) are chosen as We adopt G F = 1.16639 × 10 −5 GeV −2 , the CKM matrix elements |V cb | = 0.040 [5, 14] and |V ud | = 0.974, the masses M B = 5.28 GeV, M D = 1.87 GeV, and M D * = 2.01 GeV [17] , and theB 0 (B − ) meson lifetime τ B 0 = 1.53 (τ B − = 1.68) ps [18] .
The wave functions φ i (x), i = B, D, D * , K * , and π, satisfy the normalization
with the corresponding decay constants f i . We choose f B = 160 MeV, which is reasonable according to the lattice calculations presented in the literature [19] . The decay constants f K * = 220 MeV and f π = 132 MeV are well known. For the wave function of the K * meson with transverse polarizations, the first four-momenta have been derived using QCD sum rules [7] , and they are given by
with ζ = 1 − 2x. Since there are substantial uncertainties involved in sum-rule analyses, we shall allow the variation of the above momenta up to 40% as fitting our predictions to the experimental data. We parametrize the K * wave function as
where the coefficients d i are determined by the momenta in Eq. (4.3), and the normalization constant N K * is determined by Eq. (4.2). As to the pion wave functions, we employ the Chernyak-Zhitnitsky model from QCD sum rules [6] ,
which has been found to give predictions consistent with the data of the pion form factor [20] .
As to the B meson wave functions, we employ the model [21] 6) where N B is the normalization constant and ω B the shape parameter. Another model with a flat profile [22] φ ′
gives predictions for the branching ratio of the B → K * γ decay, which are too small compared with the data. Therefore, we shall not consider it in the numerical analysis below. For the D ( * ) -meson wave functions, we adopt the same model as of the B meson in Eq. (4.6), but with different normalization constants N D ( * ) and shape parameters ω D ( * ) , Therefore, we increase the momenta ζ and ζ 3 , and decrease ζ 2 and ζ 4 gradually.
That is, we make the K * -meson wave function more asymmetric: the probability that the These analyses indicate that a reasonable variation of the momenta of the K * wave function is about 40%. Hence, we adopt the K * -meson wave function, which corresponds to the 40% deviation from Eq. It is easy to observe that the parameters ω D ( * ) control the difference between the charged and neutral B-meson decay rates. This fact is obvious from Eqs. MeV, respectively. Their x dependence are displayed in Fig. 1 . As expected, the maximum of the heavy meson wave function moves to the large x region as the meson mass decreases.
V. CONCLUSION
In this paper we have determined heavy-meson wave functions, as shown in Eq. still large, such that wide ranges of the relevant parameters are allowed, we shall employ the obtained wave functions to make predictions for other nonleptonic B meson decay modes, especially charmless decays. As the precision of the data improves, the heavy meson wave functions determined in our formalism will be more reliable. On the other hand, we can also proceed with a global determination of the heavy meson wave functions by incorporating more decay modes into the fitting procedures. These subjects will be discussed elsewhere.
